Vitamin A (retinol) is an essential nutrient, as its derivatives are required for embryonic development and the function of postnatal tissues.^[@i1552-5783-59-5-1924-b01]--[@i1552-5783-59-5-1924-b04]^ Retinol is the precursor of retinaldehyde (retinal), which can then be converted into retinoic acid (RA).^[@i1552-5783-59-5-1924-b05],[@i1552-5783-59-5-1924-b06]^ The series of enzymatic reactions that mediate the synthesis and degradation of retinal and RA are tightly regulated, as both the deficiency and excess of these factors play a role in disease pathogenesis.^[@i1552-5783-59-5-1924-b06]^

RA is a key signal in the cranial neural crest, a transient population of stem cells that is critical for craniofacial and ocular development.^[@i1552-5783-59-5-1924-b07][@i1552-5783-59-5-1924-b08][@i1552-5783-59-5-1924-b09][@i1552-5783-59-5-1924-b10][@i1552-5783-59-5-1924-b11][@i1552-5783-59-5-1924-b12]--[@i1552-5783-59-5-1924-b13]^ The cranial neural crest gives rise to the bone, cartilage, and peripheral nerves of the midface and frontal regions. In addition, this stem cell population contributes to the formation of the anterior segment structures of the eye, including the cornea, iris, trabecular meshwork, ciliary body, and sclera.^[@i1552-5783-59-5-1924-b14][@i1552-5783-59-5-1924-b15]--[@i1552-5783-59-5-1924-b16]^ RA is also important in postnatal tissues. Vitamin A deficiency, reflecting poor diet or malabsorption, is characterized by nyctalopia (night blindness), xerophthalmia (decreased tear production), and keratomalacia (corneal thinning and opacification).^[@i1552-5783-59-5-1924-b17],[@i1552-5783-59-5-1924-b18]^ In bone, RA maintains mineral density, as both increased and decreased levels are associated with increased risk of fractures.^[@i1552-5783-59-5-1924-b19][@i1552-5783-59-5-1924-b20][@i1552-5783-59-5-1924-b21][@i1552-5783-59-5-1924-b22]--[@i1552-5783-59-5-1924-b23]^ RA regulates the balance between osteoblast and osteoclast differentiation and activity; however, the specific effect is dependent on the bone type and location.^[@i1552-5783-59-5-1924-b24]^

RA derivatives are common therapeutic agents for acne vulgaris and certain types of cancer.^[@i1552-5783-59-5-1924-b25][@i1552-5783-59-5-1924-b26][@i1552-5783-59-5-1924-b27]--[@i1552-5783-59-5-1924-b28]^ However, the effects of long-term exposure to RA on neural crest--derived craniofacial and ocular structures have not been studied. The current studies investigated the continued need for the tight control of RA signaling within neural crest--derived adult craniofacial structures and the eye. Using adult zebrafish, we determined the functional, anatomic, and histologic effects of increased or decreased RA. Interestingly, the anterior segment and regulation of aqueous outflow from the eye were highly sensitive to alterations in RA, suggesting a role for RA in maintaining these structures.

Materials and Methods {#s2}
=====================

Animal Care/Animal Strains {#s2a}
--------------------------

Wild-type 10- to 14-month-old AB male and female adult zebrafish (*Danio rerio*) were raised in a breeding colony under a 14-hour light/10-hour dark cycle as previously described.^[@i1552-5783-59-5-1924-b14],[@i1552-5783-59-5-1924-b15],[@i1552-5783-59-5-1924-b29][@i1552-5783-59-5-1924-b30]--[@i1552-5783-59-5-1924-b31]^ Both wild-type and the Tg(*rare:mCherry*) strain^[@i1552-5783-59-5-1924-b15]^ were crossed into the Casper (*nacre^−/−^, roy^−/−^*) background to decrease autofluorescence and pigment. Animal protocols were performed in accordance with the guidelines for the humane treatment of laboratory animals established by the University of Michigan Committee on the Use and Care of Animals (IACUC, protocol No. 10205) and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

Pharmacologic Treatments {#s2b}
------------------------

All-trans RA (Sigma-Aldrich Corp., St. Louis, MO, USA), 4-diethylaminobenzaldehyde (DEAB; Sigma-Aldrich Corp.), the retinoic acid receptor (RAR)α antagonist BMS195614 (Tocris Biosciences, Avonmouth, Bristol, UK), the RARβ antagonist LE135 (Tocris Biosciences), and the RARγ antagonist MM11253 (Tocris Biosciences) were diluted to 1000× treatment concentrations in dimethylsulfoxide (DMSO; Sigma-Aldrich Corp.) and added into reverse osmosis system fish water at 1× final concentrations. Dose curves were conducted for each pharmacologic treatment (10, 25, and 100 nM RA; 5, 10, and 15 μM DEAB; 1 and 10 μM BMS195614; 0.1, 1, and 10 μM LE135; and 0.1, 1, and 10 nM MM11253), and the final concentrations were selected by the LD50 and consistency of phenotype (data not shown). The final concentrations were 100 nM RA, 10 μM DEAB, 1 μM BMS195614, 1 μM LE135, and 10 nM MM11253.

For all experiments, an equal number of male and female, age-matched (10--14 month old) adult zebrafish were treated with 0.1% DMSO (control), 100 nM RA, 10 μM DEAB, 1 μM BMS195614, 1 μM LE135, and 10 nM MM11253 in 1 L reverse osmosis system fish water. For each experiment, four to six fish per treatment condition were used. Treatments were refreshed daily. Both treated and untreated fish were maintained in dark conditions owing to the light sensitivity of the reagents and were fasted through the duration of the experiment. The fish were analyzed and harvested after 2 or 5 days of treatment as indicated.

Live Imaging {#s2c}
------------

Following 5 days of pharmacologic treatment, the fish were anesthetized in 0.05% tricaine methanesulfonate (MS-222; Sigma Aldrich) and mounted in 3% methylcellulose (Sigma Aldrich) in reverse osmosis system fish water. The fish were imaged by using a Leica M205FA combi-scope (Leica Microsystems CMS GmbH, Wetzler, Germany). Images were obtained by using a Leica DFC290 camera and Leica Application Suite (LAS). The images were processed and analyzed by using LAS (Leica) and Adobe Photoshop (San Jose, CA, USA). Lateral images that captured the full head height and the length from the jaw to the gills were obtained. The images shown are representative of all experiments.

Measurements of the craniofacial regions of four to six fish, including the anterior to posterior corneal diameter ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}A, yellow line), head height at the gills ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}A, red line), jaw length ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}A, green line), and distance of the gills from the eye ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}A, blue line) were obtained with Adobe Photoshop. The data were statistically analyzed by using ANOVA with Tukey\'s post hoc analysis, and *P* \< 0.05 was considered statistically significant.

![Alterations in RA affect craniofacial structures. Treatment of adult zebrafish with 100 nM RA (C) for 5 days caused a prognathic jaw (black arrow) and increased distance from the eye to the gill (blue line) as compared to untreated (A) and 0.1% DMSO control--treated (B) fish. Inhibition of RA synthesis through treatment with the pan--aldehyde dehydrogenase inhibitor DEAB (10 μM) for 5 days (D) decreased the height of the head (red line) and caused cataract formation (white arrow). Treatment with RA or DEAB did not affect the jaw length (green line, \[A\]) or horizontal (anterior to posterior) diameter of the cornea (yellow line, \[A\]).](i1552-5783-59-5-1924-f01){#i1552-5783-59-5-1924-f01}

Optokinetic Reflex Test {#s2d}
-----------------------

Adult zebrafish were anesthetized in 0.05% MS-222, immobilized in foam and 3% methylcellulose, and placed inside a transparent cylinder containing fresh reverse osmosis system fish water. The fish, which were then placed inside a hollow rotating drum with vertical alternating white and black stripes, were recovered from the anesthesia for 5 minutes before testing. Testing lasted 3 minutes and comprised 15-second intervals of no movement or the clockwise or counterclockwise movement of the drum ([Fig. 2](#i1552-5783-59-5-1924-f02){ref-type="fig"}). The fish were scored by their ability to accurately track the applied changes in drum movement. Five fish per group were tested before pharmacologic treatment and at 5 days post treatment. The data were statistically analyzed by using ANOVA with Tukey\'s post hoc analysis, and *P* \< 0.05 was considered statistically significant.

![RA is required for visual function. Optokinetic (OKR) reflex testing was performed with a 3-minute protocol that included directional changes with stops (A). The fish were subjected to 15-second intervals of clockwise or counterclockwise movements of the optokinetic drum. In addition, two 15-second intervals were included in which there was no movement of the drum. Fish were scored from 1 to 5 by the ability to correctly track the drum movement. All fish were tested before treatment and showed an average score of 4.7 ± 0.3. Treatment with 100 nM RA for 5 days did not significantly decrease the optokinetic reflex score as compared to untreated or 0.1% DMSO control--treated fish (B). Fish treated with 10 μM DEAB for 5 days were not able to detect any directional movement of the optokinetic drum and scored significantly (P \< 0.02) worse than untreated or 0.1% DMSO control--treated fish.](i1552-5783-59-5-1924-f02){#i1552-5783-59-5-1924-f02}

Zebrafish Ocular Histology {#s2e}
--------------------------

Adult zebrafish were decapitated, and the heads were fixed in 4% paraformaldehyde overnight followed by decalcification in 10% ethylenediaminetetraacetic acid (EDTA) for 5 days at 4°C. The heads were refixed in 2% paraformaldehyde/1.5% glutaraldehyde, followed by embedding in methylacrylate. The blocks were sectioned at 5 μm. The sections were stained with Lee\'s stain, coverslipped, and subsequently imaged.

Immunostaining and TUNEL Assay {#s2f}
------------------------------

Adult zebrafish were decapitated, and the heads were fixed in 4% paraformaldehyde overnight followed by decalcification in 5% trichloroacetic acid at 4°C for 48 hours. The heads were cryoprotected in successive sucrose solutions, embedded in optimal cutting temperature (OCT) mounting medium, and cryosectioned at 10 μm.

For immunostaining detection of mCherry signal in Tg(*rare:mCherry)* fish, the sections were fixed in ice-cold acetone, washed in phosphate-buffered solution (PBS), and then blocked in 10% normal goat serum in 0.1% Tween 20 in PBS. The sections were incubated with rabbit anti-mCherry (1:500; Abcam, Cambridge, MA, USA) overnight at 4°C, washed in PBS, and then incubated with goat anti-rabbit conjugated with Alexa Fluor 647 (1:500; Thermo Fisher Scientific, Waltham, MA, USA). Sections were costained with DAPI and coverslipped, followed by imaging by using a DM6000B upright microscope (Leica) equipped with a DFC500 camera (Leica). The images were processed and analyzed by using Adobe Photoshop, LAS X (Leica), and/or LAS AF6000 software (Leica). Fluorescence intensity was measured in three consecutive sections from four to six fish per treatment group by using ImageJ (<http://imagej.nih.gov/ij/>; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA). The data were statistically analyzed by using ANOVA with Tukey\'s post hoc analysis, and *P* \< 0.05 was considered statistically significant.

TUNEL assay was performed by using standard protocols and as previously described.^[@i1552-5783-59-5-1924-b15],[@i1552-5783-59-5-1924-b32]^ Briefly, apoptotic cells were detected through the TdT (Roche, Indianapolis, IN, USA) mediated incorporation of digoxigenin-labeled deoxyuridine triphosphate (Roche). Sheep anti-digoxigenin conjugated to rhodamine (Roche) was used to detect the TUNEL signal. Sections were costained with DAPI and coverslipped, followed by imaging as described above. The number of TUNEL-positive cells and total number of cells, as demarcated by DAPI staining, within the eye were counted. The percentage of apoptotic cells was calculated in three consecutive sections of the eyes from four to six fish per treatment group. The data were statistically analyzed by using ANOVA with Tukey\'s post hoc analysis, and *P* \< 0.05 was considered statistically significant.

Aqueous Outflow Tract Visualization {#s2g}
-----------------------------------

Zebrafish were anesthetized in 0.05% MS-222 in fish water and immobilized in 3% methylcellulose under the Leica M205FA combi-scope (described above). Dextran-conjugated Texas Red fluorescent dye (0.05 μL of 5 mM; Thermo Fisher Scientific) was injected into the anterior chamber by using a capillary needle as previously described.^[@i1552-5783-59-5-1924-b33]^ Images were captured immediately after injection and at 20-second intervals for 15 minutes. Fresh 0.01% MS-222 solution was periodically added to maintain anesthesia. The images were processed in Adobe Photoshop and sewn together to create time-lapse movies using iMovie (Apple, Cupertino, CA, USA). Fluorescence intensity was measured in four fish per treatment group by using ImageJ at time of injection and after 5, 10, and 15 minutes. The fluorescence intensity for each fish was normalized to the amount measured at time of injection. The data were statistically analyzed by using Student\'s *t*-test and *P* \< 0.05 was considered statistically significant.

Quantitative Real-Time RT-PCR Assay (qRT-PCR) {#s2h}
---------------------------------------------

Total RNA was extracted from adult zebrafish eyes by using the RNeasy mini kit (Qiagen, Hilden, Germany), and reverse transcription was performed by using the Superscript IV reverse transcriptase (Thermo Fisher Scientific) according to the manufacturer\'s instructions. Real-time PCR experiments were performed by using the CFX96 Touch Real-Time Detection System (Bio-Rad, Hercules, CA, USA), and Power SYBR Green PCR Master Mix (Thermo Fisher Scientific). The following PCR program was used: 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 seconds and 60°C for 60 seconds. A melting curve analysis was applied to assess the specificity of the amplified PCR products. The PCR primer sequences are listed in [Supplementary Table S1](#iovs-59-03-13_s11){ref-type="supplementary-material"}. The amount of each target gene was quantified by the comparative C~T~ method, using β-actin as the normalization control.

Results {#s3}
=======

RA Regulates Morphology of Adult Craniofacial Structures {#s3a}
--------------------------------------------------------

The effects of altering RA levels on craniofacial structures were analyzed through live imaging before treatment and subsequently after 5 days of exposure to 0.1% DMSO control ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}B), 100 nM RA ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}C), or 10 μM DEAB ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}D). Treatment with DMSO ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}B) did not affect craniofacial structures as compared to untreated animals ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}A). Treatment with exogenous RA caused a prognathic jaw ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}C, black arrow) and significantly increased the distance from the eye to the gill ([Fig 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}C, blue line; [Supplementary Fig. S1](#iovs-59-03-13_s10){ref-type="supplementary-material"}). Inhibition of RA synthesis via treatment with the pan--aldehyde dehydrogenase inhibitor DEAB caused cataract formation ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}D, white arrow) and significantly decreased head height ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}D, red line; [Supplementary Fig. S1](#iovs-59-03-13_s10){ref-type="supplementary-material"}). Neither RA nor DEAB treatment significantly altered the anterior to posterior corneal diameter ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}A, yellow line; [Supplementary Fig. S1](#iovs-59-03-13_s10){ref-type="supplementary-material"}) or the distance from the jaw to the eye ([Fig. 1](#i1552-5783-59-5-1924-f01){ref-type="fig"}A, green line; [Supplementary Fig. S1](#iovs-59-03-13_s10){ref-type="supplementary-material"}). Thus, changes in RA levels altered some dimensions of craniofacial structures after treatment for 5 days.

Alterations in RA Reduced Visual Function {#s3b}
-----------------------------------------

Changes in visual function resulting from exposure to RA or DEAB were analyzed by examining the optokinetic reflex, and the fish were scored (1 to 5) by the ability to correctly and accurately track drum movement ([Fig. 2](#i1552-5783-59-5-1924-f02){ref-type="fig"}A). The fish were tested before and after 5 days of treatment. Before treatment, the average score of all animals was 4.7 ± 0.3 ([Supplementary Video S1](#iovs-59-03-13_s01){ref-type="supplementary-material"}). After 5 days, untreated ([Supplementary Video S2](#iovs-59-03-13_s02){ref-type="supplementary-material"}) and 0.1% DMSO control-treated fish ([Supplementary Video S3](#iovs-59-03-13_s03){ref-type="supplementary-material"}) exhibited appropriate optokinetic reflexes and scored 5.0 ± 0.1 and 4.5 ± 0.7, respectively ([Fig. 2](#i1552-5783-59-5-1924-f02){ref-type="fig"}B). Fish treated with 100 nM RA for 5 days showed some difficulty in continuously following more than two movements of the rotating drum ([Supplementary Video S4](#iovs-59-03-13_s04){ref-type="supplementary-material"}); however, the posttreatment score (3.5 ± 0.7, *P* = 0.3) was not significantly decreased as compared to pretreatment ([Fig. 2](#i1552-5783-59-5-1924-f02){ref-type="fig"}B). Not surprisingly, 10 μM DEAB impaired visual function, such that after 5 days of treatment, the fish were unable to track any drum movement ([Fig. 2](#i1552-5783-59-5-1924-f02){ref-type="fig"}B; [Supplementary Video S5](#iovs-59-03-13_s05){ref-type="supplementary-material"}) and scored significantly worse than untreated and control fish (*P* = 0.02). These studies demonstrated that the inhibition of RA synthesis decreased visual function in adult zebrafish.

Alterations in RA Activity Affect Ocular Histology {#s3c}
--------------------------------------------------

Given the effects on visual function, the activity of RA at the tissue level was analyzed in the eyes of adult transgenic fish expressing mCherry in cells with RA activity (Casper Tg(*rare:mCherry*); [Fig. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}). Immunostaining for mCherry demonstrated endogenous RA activity in the retinal pigment epithelium (RPE), photoreceptors (PRs), outer plexiform layer (OPL), and inner plexiform layer (IPL) in untreated ([Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}, [3](#i1552-5783-59-5-1924-f03){ref-type="fig"}A3) and DMSO control--treated ([Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}B, [3](#i1552-5783-59-5-1924-f03){ref-type="fig"}B3) fish. In the anterior segment, RA was in the iris stroma (IS) in untreated ([Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}A1, 3A2) and DMSO control--treated ([Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}B1, 3B2) fish. RA was also present in the aqueous outflow tract of the adult zebrafish eye, which consists of the ventral canalicular network ([Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}A2, 3B2, arrows) and angular aqueous plexus ([Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}A2, 3B2, arrowheads). There was no difference in fluorescence intensity ([Fig. 4](#i1552-5783-59-5-1924-f04){ref-type="fig"}) within the eyes of untreated (30.5 ± 4.4) or DMSO control--treated (26.9 ± 1.0) fish. Casper fish, which lacked the rare-mCherry transgene ([Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}H, [3](#i1552-5783-59-5-1924-f03){ref-type="fig"}H1, 3H2, 3H3), showed minimal to no fluorescence (1.5 ± 1.5; [Fig. 4](#i1552-5783-59-5-1924-f04){ref-type="fig"}) as compared to untreated (*P* \< 0.001) and DMSO control--treated (*P* \< 0.0001) fish.

![RA activity is in the retina and iridocorneal angles in the adult eye. In Casper Tg(rare:mCherry) adult zebrafish, RA activity was predominantly in the PRs and RPE in the adult eye of untreated (A, A3) and 0.1% DMSO control--treated (B, B3) fish. RA was also found in the OPL and IPL (A3, B3) in the retina. In the dorsal iridocorneal angle of untreated and control-treated eyes (A1, B1), RA activity was in the IS. In the ventral iridocorneal angle of untreated and control-treated eyes (A2, B2), RA was found in IS, the canalicular network that was between the iris and annular ligament (arrows), and the angular aqueous plexus (arrowheads). There was no detectable RA activity in the cornea (Co) in this reporter line. Treatment with 100 nM RA for 5 days (C) increased RA activity in the IS in the dorsal (C1) and ventral (C2) angles and in the ventral canalicular network (arrows, \[C2\]), but not in the retina (C3). Treatment with 10 μM DEAB for 5 days (D) decreased RA activity throughout the eye including in the dorsal (D1) and ventral (D2) angles and in the retina (D3). Treatment with the RARα-specific antagonist BMS195614 (1 μM) for 5 days did not alter RA activity within the eye (E, E1, E2, E3). Treatment with the RARβ antagonist LE135 (1 μM, F) for 5 days showed mildly decreased RA activity in the retina in the PRs, OPL, and IPL (F3), but no change in the dorsal (F1) or ventral (F2) angles. Inhibition of RARγ with the specific antagonist MM11253 (10 nM) decreased RA throughout the eye (G), including in the angles (G1, G2) and retina (G3). Control Casper fish, which lack the transgene, showed minimal to no fluorescence in the eye (H, H1, H2, H3). AL, annular ligament; GCL, ganglion cell layer; INL, inner nuclear layer; ONL outer nuclear layer.](i1552-5783-59-5-1924-f03){#i1552-5783-59-5-1924-f03}

![RARγ mediates RA activity in the adult zebrafish eye. Quantitative measurement of fluorescence intensity in eyes of Casper Tg(rare:mCherry) fish showed that inhibition of RA synthesis by 10 μM DEAB (16.5 ± 1.7) or treatment with the RARγ antagonist MM11253 at 10 nM (11.9 ± 2.7) significantly decreased mCherry signal as compared to untreated (30.5 ± 4.4) or 0.1% DMSO control--treated fish (26.9 ±1.0). Treatment with 100 nM RA (25.5 ± 1.1), 1 μM BMS195614 (24.4 ± 4.9), or 1 μM LE135 (27.3 ± 3.1) did not significantly alter mCherry signal intensity. There was minimal to no fluorescence signal in Casper fish, which do not carry the transgene (1.5 ± 1.5). (a) P \< 0.01. (b) P \< 0.001. (c) P \< 0.0001.](i1552-5783-59-5-1924-f04){#i1552-5783-59-5-1924-f04}

Exogenous RA treatment for 5 days increased RA activity within the IS and ventral canalicular network ([Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}C1, 3C2, arrows); however, activity with the retina ([Fig. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}C3) and the overall fluorescence intensity within the eye did not show a significant change (25.5 ± 1.1; [Fig. 4](#i1552-5783-59-5-1924-f04){ref-type="fig"}). Treatment with DEAB for 5 days decreased RA activity ([Fig. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}D) and fluorescence intensity (16.5 ± 1.7) throughout the eye as compared to untreated (*P* \< 0.01, [Fig. 4](#i1552-5783-59-5-1924-f04){ref-type="fig"}) or DMSO control--treated (*P* \< 0.0001; [Fig. 4](#i1552-5783-59-5-1924-f04){ref-type="fig"}) fish. DEAB decreased RA activity in the RPE, PRs, OPL, IPL ([Fig. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}D3), IS, and ventral canalicular network ([Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}D2, 3D3, arrows). Treatment with the RARα-specific antagonist BMS195614 (1 μM; [Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}E, [3](#i1552-5783-59-5-1924-f03){ref-type="fig"}E1, 3E2, 3E3) did not alter RA activity within the eye (24.4 ± 4.9; [Fig. 4](#i1552-5783-59-5-1924-f04){ref-type="fig"}). Similarly, the RARβ-specific antagonist LE135 (1 μM; [Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}F, [3](#i1552-5783-59-5-1924-f03){ref-type="fig"}F1, 3F2, 3F3) did not decrease RA activity and overall fluorescence intensity within the eye (27.3 ± 3.1; [Fig. 4](#i1552-5783-59-5-1924-f04){ref-type="fig"}). In contrast, the RARγ-specific antagonist MM11253 (10 nM) decreased RA activity ([Figs. 3](#i1552-5783-59-5-1924-f03){ref-type="fig"}G, [3](#i1552-5783-59-5-1924-f03){ref-type="fig"}G1, 3G2, 3G3) and fluorescence intensity (11.9 ± 2.7; [Fig. 4](#i1552-5783-59-5-1924-f04){ref-type="fig"}) throughout the eye as compared to untreated (*P* \< 0.01) and DMSO control--treated (*P* \< 0.0001) fish.

The effects of RA on ocular histology were further analyzed by using methylacrylate sections. Treatment with 100 nM RA for 5 days ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}C) decreased the cellular density of the corneal epithelium ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}C1, arrows) as compared to untreated ([Figs. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}A, [5](#i1552-5783-59-5-1924-f05){ref-type="fig"}A1) and DMSO control--treated ([Figs. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}B, [5](#i1552-5783-59-5-1924-f05){ref-type="fig"}B1) fish. In the ventral iridocorneal angle, the webbed annular ligament and ventral canalicular network were lost ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}C3, arrows), and decreased cellularity of the IS ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}C3) was observed as compared to untreated ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}A3) and DMSO control--treated ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}B3) fish. The dorsal iridocorneal angle ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}C2) and retina ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}C4) in RA-treated fish retained the same architecture observed in untreated ([Figs. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}A2, 5A4) and 0.1% DMSO control--treated ([Figs. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}B2, 5B4) fish. Treatment with DEAB ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}D) resulted in corneal epithelial ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}D1, arrows) and corneal stromal ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}D1, arrowheads) edema and loss of the cellularity and structure of the dorsal ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}D2) and ventral iridocorneal ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}D3) angles. Further, a loss of the structural architecture of the retina, including the obliteration of the PRs and ganglion cell layer, and decreased cellularity of the outer and inner nuclear layers, were observed ([Fig. 5](#i1552-5783-59-5-1924-f05){ref-type="fig"}D4). Thus, tight control of RA levels was required for the maintenance of ocular structures, with increased RA levels specifically affecting the anterior segment, including the aqueous outflow tract structures.

![Tight control of RA levels is required for maintaining ocular structures. Methylacrylate sections of adult zebrafish treated with 100 nM RA for 5 days showed that exogenous RA decreased corneal epithelial cellularity (arrows, \[C, C1\]) as compared to untreated (A, A1) and DMSO control--treated (B, B1) fish. In the ventral iridocorneal angle (C3), RA also caused decreased iris stromal cellularity (C3) and loss of the webbed appearance of the AL and the ventral canalicular network (arrows, \[C3\]) compared to untreated (A3) and DMSO control-treated (B3) fish. The structures in the dorsal iridocorneal angle (C2) and retina (C4) were not affected by exogenous RA as compared to untreated (A2, A4) and DMSO control--treated (B2, B4) fish. Treatment with 10 μM DEAB for 5 days caused corneal stromal (arrowheads, \[D, D1\]) and epithelial (arrows, \[D1\]) edema and loss of architecture in the dorsal (D2) and ventral (D3) iridocorneal angles. DEAB also disrupted retinal structure, which included loss of PRs (D4) and ganglion cells (GCL, D4). AL, annular ligament; Co, cornea; GCL, ganglion cell layer; INL, inner nuclear layer; ONL outer nuclear layer.](i1552-5783-59-5-1924-f05){#i1552-5783-59-5-1924-f05}

RA Regulates Aqueous Humor Outflow From the Anterior Segment of Adult Eyes {#s3d}
--------------------------------------------------------------------------

Since exogenous RA and DEAB affected anterior segment anatomy and morphology, the effect of altering RA levels on aqueous outflow was analyzed in vivo. In untreated fish and fish treated with DMSO for 2 days, Texas Red fluorescent dye injected into the anterior chamber ([Figs. 6](#i1552-5783-59-5-1924-f06){ref-type="fig"}A1, 6B1) diffused both clockwise and counterclockwise toward the ventral iridocorneal angle within the first 5 minutes ([Figs. 6](#i1552-5783-59-5-1924-f06){ref-type="fig"}A2, 6B2; [Supplementary Videos S6](#iovs-59-03-13_s06){ref-type="supplementary-material"}, [S7](#iovs-59-03-13_s07){ref-type="supplementary-material"}). Between 5 and 15 minutes after injection, the dye decreased in intensity as it exited the anterior segment through the ventral canalicular network ([Figs. 6](#i1552-5783-59-5-1924-f06){ref-type="fig"}A3, 6A4, 6B3, 6B4). In untreated and 0.1% DMSO control--treated fish, the fluorescence intensity ([Fig. 6](#i1552-5783-59-5-1924-f06){ref-type="fig"}E) was not decreased after 5 minutes (88.3% ± 9.6%, 81.8% ± 19.6%), but was significantly decreased after 10 minutes (82.1% ± 10.4%, *P* \< 0.01; 74.3% ± 23.8%, *P* \< 0.05) and 15 minutes (73.9% ± 6.7%, *P* \< 0.001; 62.0% ± 30.5%, *P* \< 0.05). Following 2 days of exogenous RA (100 nM) treatment, the Texas Red dye initially diffused from the site of injection ([Figs. 6](#i1552-5783-59-5-1924-f06){ref-type="fig"}C1, 6C2), but did not significantly decrease in intensity (92.3% ± 9.1% at 5 minutes, 97.6% ± 19.0% at 10 minutes, and 94.9% ± 28.1% at 15 minutes; [Fig. 6](#i1552-5783-59-5-1924-f06){ref-type="fig"}E) throughout the duration of the experiment ([Figs. 6](#i1552-5783-59-5-1924-f06){ref-type="fig"}C3, 6C4; [Supplementary Video S8](#iovs-59-03-13_s08){ref-type="supplementary-material"}). Thus, RA decreased aqueous outflow from the anterior chamber. Similarly, in fish treated with DEAB (10 μM) for 2 days, the injected dye ([Fig. 6](#i1552-5783-59-5-1924-f06){ref-type="fig"}D1) did not decrease in intensity at 5 minutes (96.3% ± 13.8%; [Figs. 6](#i1552-5783-59-5-1924-f06){ref-type="fig"}E, [6](#i1552-5783-59-5-1924-f06){ref-type="fig"}D2), 10 minutes (93.7% ± 17.6%; [Figs. 6](#i1552-5783-59-5-1924-f06){ref-type="fig"}E, [6](#i1552-5783-59-5-1924-f06){ref-type="fig"}D3), and 15 minutes (94.1% ± 17.6%; [Figs. 6](#i1552-5783-59-5-1924-f06){ref-type="fig"}E, [6](#i1552-5783-59-5-1924-f06){ref-type="fig"}D4; [Supplementary Video S9](#iovs-59-03-13_s09){ref-type="supplementary-material"}). These results showed that both increased or decreased RA levels decreased aqueous outflow from the anterior segment of the eye.

![RA regulates aqueous outflow from the anterior segment of the eye. In vivo analysis of aqueous outflow showed that fluorescent Texas red dye injected into the anterior chamber diffused clockwise and counterclockwise toward the ventral iridocorneal angle over 15 minutes in untreated (A1--A4) fish. The fluorescence intensity of the dye did not change at 5 minutes (88.3% ± 9.6%), but was significantly decreased at 10 minutes (82.1% ± 10.4%) and 15 minutes (73.9% ± 6.7%) after injection (E). Similarly, the fluorescent dye diffused and exited the eye in fish treated for 2 days with 0.1% DMSO control (B1--B4). Fluorescence intensity was not changed at 5 minutes (81.8% ± 19.6%), but was significantly decreased at 10 minutes (74.3% ± 23.8%) and 15 minutes (62.0% ± 30.5%) after injection in control-injected fish (E). Fish treated with 100 nM RA for 2 days showed initial diffusion of the dye (C1), but no significant decrease in dye intensity at 5 minutes (92.3% ± 9.1%; \[C2\]), 10 minutes (97.6% ± 19.0%; \[C3\]), and 15 minutes (94.9% ± 28.1%; \[C4, E\]). Fish treated with 10 μM DEAB for 2 days also demonstrated initial dye diffusion (D1), but no significant decrease in dye intensity at 5 minutes (96.3% ± 13.8%; \[D2\]), 10 minutes (93.7% ± 17.6%; \[D3\]), and 15 minutes (94.1% ± 17.6%; \[D4, E\]).](i1552-5783-59-5-1924-f06){#i1552-5783-59-5-1924-f06}

Tight Control of RA Is Required for Cell Survival in the Eye {#s3e}
------------------------------------------------------------

The cellular and molecular effects of RA and DEAB within the adult eye were next analyzed by using a TUNEL assay and qRT-PCR. After 2 days of treatment, exogenous RA did not significantly increase the percentage of apoptotic cells throughout the adult eye (4.8% ± 7.3%; [Fig. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}A) as compared to untreated (2.0% ± 2.4%,) and 0.1% DMSO control--treated (3.0% ± 3.5%) fish. However, localization of apoptotic cells showed that there was increased TUNEL staining in the IS and canalicular network in the ventral angle ([Fig. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}D2) and the RPE ([Fig. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}D3) as compared to untreated ([Figs. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}B1, 7B2, 7B3) and 0.1% DMSO control--treated fish ([Figs. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}C1, 7C2, 7C3). Treatment with RA did not affect cell survival in the dorsal iridocorneal angle ([Fig. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}D1). Treatment with 10 μM DEAB for 2 days significantly increased the percentage of apoptotic cells in the eye (9.3% ± 5.4%, *P* \< 0.001; [Fig. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}A), including in both iridocorneal angles ([Figs. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}E1, 7E2) and the retina ([Fig. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}E3). The RARβ-specific antagonist BMS195614 (1 μM) did not affect cell survival (4.1% ± 4.8%; [Fig. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}A) in the eye ([Figs. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}F1, 7F2, 7F3) after 2 days of treatment. The RARβ-specific antagonist LE135 (1 μM) did not significantly increase the percentage of apoptotic cells in the eye (5.2% ± 4.6%; [Figs. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}G1, 7G2, 7A), but did show apoptotsis in the photoreceptors and retinal pigment epithelium ([Fig. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}G3) after 2 days. Treatment with the RARβ-specific antagonist MM11253 (10 nM) for 2 days did not significantly change the percentage of apoptotic cells in the eye (4.6% ± 6.2%; [Figs. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}H1, 7A), but showed apoptosis in the retinal pigment epithelium ([Fig. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}H3) and the IS in the ventral angle ([Fig. 7](#i1552-5783-59-5-1924-f07){ref-type="fig"}H2). Quantitative RT-PCR demonstrated that treatment with 100 nM RA or 10 μM DEAB for 2 days did not significantly change the expression of the genes encoding RARα, RARβ, or RARγ ([Supplementary Fig. S2](#iovs-59-03-13_s10){ref-type="supplementary-material"}). Further, RA or DEAB did not affect *myoc* or *pitx2a* expression within the adult eye. Thus, RA has localized effects on ocular cell survival, which appear to be predominantly mediated by RARβ and RARγ, but after 2 days of treatment did not significantly alter overall expression of RARs or downstream targets within the eye.

![RA regulates cell survival in the anterior segment and retina. TUNEL assay showed that 2-day treatment with 10 μM DEAB (9.3% ± 5.4%) significantly increased the percentage of apoptotic cells (A) within the adult zebrafish eye as compared to untreated (2.0% ± 2.4%, P \< 0.001) and 0.1% DMSO control--treated fish (3.0% ± 3.5%, P \< 0.001). Two-day treatment with 100 nM RA (4.8% ± 7.3%), 1 μM BMS195614 (4.1% ± 4.8%), 1 μM LE135 (5.2% ± 4.6%), or 10 nM MM11253 (4.6% ± 6.2%) did not significantly change the percentage of apoptotic cells in the zebrafish eye. Despite no significant change in percentage of apoptotic cells in the eye, apoptosis was localized in RA-treated fish to the IS, canalicular network (arrows), and aqueous plexus (arrowheads) in the ventral iridocorneal angle (D2) as compared to untreated (B2) and DMSO control--treated (C2) fish. RA also showed increased apoptosis within the retinal pigment epithelium (arrows, \[D3 compared to B3 and C3\]), but did not affect cell survival in the dorsal iridocorneal angle (D1 compared to B1 and C1). Treatment with DEAB (10 μM) for 2 days caused diffuse apoptosis in the dorsal (E1) and ventral (E2) iridocorneal angles and in the retinal pigment epithelium and photoreceptors of the retina (arrows, \[E3\]). Treatment with the RARα-specific antagonist BMS195614 (1 μM) for 2 days did not affect cell survival in the dorsal angle (F1), ventral angle (F2), or the retina (F3). Inhibition of RARβ with LE135 (1 μM) for 2 days did not increase apoptosis in the angles (G1, G2) but did increase apoptosis in the retina (arrows, \[G3\]). The RARγ antagonist MM11253 (10 nM) caused localized apoptosis in the ventral angle (H2) and retina (H3), but not the dorsal angle (H1). AL, annular ligament; Co, cornea; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.](i1552-5783-59-5-1924-f07){#i1552-5783-59-5-1924-f07}

Discussion {#s4}
==========

Identifying the genes that regulate postnatal craniofacial and ocular structures is essential for understanding the pathogenesis of diseases that affect these tissues. The same signals that regulate cranial neural crest development may also play a role in the maintenance of structure and function in their adult-derived tissues. On the basis of this hypothesis, the present study examined the effect of RA on the craniofacial region and eye in adult zebrafish.

Previous studies have demonstrated that increased levels of RA in the postnatal craniofacial region alter the bone density of the mandible and skull.^[@i1552-5783-59-5-1924-b34][@i1552-5783-59-5-1924-b35]--[@i1552-5783-59-5-1924-b36]^ The effects of hypervitaminosis A can result in damage to the mandible, showing perforations in rats and decreased skull thickness in mice. Additional studies have demonstrated that excess vitamin A increases bone turnover by decreasing osteoblast and increasing osteoclast activities.^[@i1552-5783-59-5-1924-b34]^ These findings correlate with the skull defects observed in humans, zebrafish, and mice carrying null mutations in the *CYP26B1* gene.^[@i1552-5783-59-5-1924-b37],[@i1552-5783-59-5-1924-b38]^ In the present study, we further showed that RA regulates the dimensions of neural crest--derived craniofacial structures in the adult zebrafish. Exogenous treatment with or the decreased endogenous synthesis of RA affected jaw morphology or head height within 5 days, indicating the continuous regulation of RA levels within the adult craniofacial skeleton. In adult zebrafish, increased RA resulted in a prognathic jaw, which may reflect an imbalance between osteoblast and osteoclast activities. In contrast, the inhibition of RA synthesis decreased head height. While this effect might reflect changes in osteoblast and osteoclast activity, studies have shown that the decreased head height could also result from widespread cell death, as endogenous RA promotes cell survival.^[@i1552-5783-59-5-1924-b39][@i1552-5783-59-5-1924-b40][@i1552-5783-59-5-1924-b41]--[@i1552-5783-59-5-1924-b42]^ Additional studies are required to determine the mechanisms by which endogenous RA maintains bone structure and inhibits apoptosis within the adult craniofacial region. Taken together, these studies demonstrated that the tight control of RA levels is critical for maintaining the structure and cell survival of the bony craniofacial structures in the adult.

In addition to the craniofacial bones and cartilage, the cranial neural crest contributes to the corneal stroma and endothelium, IS, sclera, and aqueous outflow tracts in the anterior segment of the eye. The formation of these structures is highly dependent on RA.^[@i1552-5783-59-5-1924-b31],[@i1552-5783-59-5-1924-b43],[@i1552-5783-59-5-1924-b44]^ In the present study, we found that RA continued to play a role in neural crest--derived anterior segment structures as RA activity was localized to the adult zebrafish IS, ventral canalicular network, and angular aqueous plexus. Notably, zebrafish do not have a trabecular meshwork like mice and humans, thus aqueous humor egresses from the anterior segment via the canalicular network, located between the IS and annular ligament in the ventral iridocorneal angle. The canalicular network subsequently drains into the angular aqueous plexus.^[@i1552-5783-59-5-1924-b33],[@i1552-5783-59-5-1924-b45]^

We observed that both increased and decreased RA levels decreased cell survival, leading to subsequent histologic changes in the ventral iridocorneal angle and decreased aqueous outflow from the anterior chamber. Treatment with DEAB decreased cell survival throughout the eye, including the retina, cornea, and dorsal and ventral iridocorneal angles. As in the craniofacial region, this effect may reflect the need for endogenous RA for cell survival. Expectedly, loss of these ocular structures resulted in blindness and decreased aqueous outflow. In contrast, treatment with exogenous RA had a more specific effect on cell death within the ventral iridocorneal angle. Although tight control of endogenous RA levels is critical for cell survival, the increased apoptosis due to exogenous RA or DEAB may mask additional functions of RA within the eye. For example, RA regulates the collagen composition and alters the balance between different collagen α chains in various cell types.^[@i1552-5783-59-5-1924-b46],[@i1552-5783-59-5-1924-b47]^ In the ventral angle, the collagen distribution in the extracelular matrix may be influenced by endogenous RA levels, and increased or decreased RA may have subsequent effects on aqueous outflow that are hidden by apoptosis.^[@i1552-5783-59-5-1924-b48]^ Additional studies examining the different functions of RA are required.

Previous studies have suggested potential targets of RA in the anterior segment. In cultured trabecular meshwork cells, RA regulates the expression of the trabecular meshwork inducible glucocorticoid response myocilin (*MYOC*) gene.^[@i1552-5783-59-5-1924-b49]^ Mutations that decrease the secretion of MYOC protein are associated with juvenile and adult-onset primary open angle glaucoma.^[@i1552-5783-59-5-1924-b50][@i1552-5783-59-5-1924-b51]--[@i1552-5783-59-5-1924-b52]^ Although we have previously observed that RA regulates *myoc* expression in cranial neural crest cells in zebrafish embryos (unpublished data), in the present study, we found that treatment with exogenous RA or inhibition of RA synthesis did not significantly change *myoc* expression in the adult eye. However, in zebrafish, *myoc* is also expressed in the retina and optic nerve.^[@i1552-5783-59-5-1924-b53]^ Thus, the effect of RA on anterior segment expression of *myoc* may have been concealed by *myoc* expression in the posterior segment, which is independent of RA. A second potential target is the homeobox transcription factor *PITX2*. In humans, mutations in *PITX2* are associated with Axenfeld-Rieger syndrome, which is characterized by corneal, iris, and trabecular meshwork abnormalities.^[@i1552-5783-59-5-1924-b54][@i1552-5783-59-5-1924-b55]--[@i1552-5783-59-5-1924-b56]^ During development, RA regulates the expression of *pitx2* in the periocular neural crest, such that ocular abnormalities due to RA deficiency can be rescued by *Pitx2*.^[@i1552-5783-59-5-1924-b31],[@i1552-5783-59-5-1924-b57]^ Similar to *myoc*, *pitx2* is also expressed in the adult zebrafish retina and this expression may have affected the qRT-PCR results in the present study. Additional studies identifying downstream targets of RA within the adult anterior segment are required. Nevertheless, these studies highlight the importance of the tight control of RA levels in adult tissues, as RA can have both pro- and antiapoptotic effects, depending on the biological system and concentration of this compound.

The maintenance of anterior segment structures is critical for visual function, as deterioration of these tissues characterizes blinding degenerative diseases. The identification of genes and signals that regulate aqueous outflow provide insight into the pathogenesis of primary open angle glaucoma. In the present study, we demonstrated a continued requirement for RA within the adult zebrafish anterior segment to maintain the structure and function of the aqueous outflow pathways.
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**[Supplementary Video S1]{.smallcaps}.** Optokinetic reflex in adult fish before treatment. Dorsal view of fish before initiation of treatment showed an intact optokinetic reflex that responds accurately to the drum, including changes of direction and pauses in movement.

**[Supplementary Video S2]{.smallcaps}.** Optokinetic reflex in untreated adult fish. Dorsal view of untreated fish showed that optokinetic reflexes were not disrupted by 5 days of dark conditions and fasting.

**[Supplementary Video S3]{.smallcaps}.** Optokinetic reflex in fish treated with 0.1% DMSO for 5 days. Treatment with 0.1% DMSO for 5 days did not inhibit visual behavior as exhibited by accurate optokinetic reflexes.

**[Supplementary Video S4]{.smallcaps}.** Optokinetic reflex in fish treated with 100 nM RA for 5 days. Fish treated with 100 nM RA for 5 days showed difficulty in changing direction with the optokinetic drum.

**[Supplementary Video S5]{.smallcaps}.** Optokinetic reflex in fish treated with 10 μM DEAB. Treatment with 10 μM DEAB for 5 days caused loss of visual function, as the eyes did not track the optokinetic drum.

**[Supplementary Video S6]{.smallcaps}.** In vivo aqueous outflow assay in untreated adult fish. Time-lapse movie of images taken every 20 seconds for 15 minutes following injection of Texas Red fluorescent dye in untreated adult zebrafish showed that the dye diffused throughout the anterior chamber and migrated clockwise and counterclockwise toward the ventral iridocorneal angle.

**[Supplementary Video S7]{.smallcaps}.** In vivo aqueous outflow assay in fish treated with 0.1% DMSO for 2 days. Time-lapse movie of images taken every 20 seconds for 15 minutes following injection of Texas Red fluorescent dye in an adult zebrafish treated with 0.1% DMSO for 2 days showed similar aqueous outflow pattern as untreated fish. The injected dye diffused throughout the anterior chamber and migrated clockwise and counterclockwise toward the ventral iridocorneal angle.

**[Supplementary Video S8]{.smallcaps}.** In vivo aqueous outflow assay in fish treated with 100 nM RA for 2 days. Time-lapse movie of images taken every 20 seconds for 15 minutes following injection of Texas Red fluorescent dye in an adult zebrafish treated with 100 nM RA for 2 days showed that the dye did not flow out of the anterior chamber. The injected dye initially dispersed around the site of injection, but subsequently did not diffuse throughout the anterior chamber or migrate toward the ventral iridocorneal angle.

**[Supplementary Video S9]{.smallcaps}.** In vivo aqueous outflow assay in fish treated with 10 μM DEAB for 2 days. Time-lapse movie of images taken every 20 seconds for 15 minutes following injection of Texas Red fluorescent dye in an adult zebrafish treated with 10 μM DEAB for 2 days showed that the dye did not flow out of the anterior chamber. The injected dye initially dispersed around the site of injection, but subsequently did not diffuse throughout the anterior chamber or migrate toward the ventral iridocorneal angle.
